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Recombinant adeno-associated virus 2 (AAV2) vectors are in use in
several Phase I/II clinical trials, but relatively large vector doses are
needed to achieve therapeutic benefits. Large vector doses also
trigger an immune response as a significant fraction of the vectors
fails to traffic efficiently to the nucleus and is targeted for degra-
dation by the host cell proteasome machinery. We have reported
that epidermal growth factor receptor protein tyrosine kinase
(EGFR-PTK) signaling negatively affects transduction by AAV2
vectors by impairing nuclear transport of the vectors. We have also
observed that EGFR-PTK can phosphorylate AAV2 capsids at ty-
rosine residues. Tyrosine-phosphorylated AAV2 vectors enter cells
efficiently but fail to transduce effectively, in part because of
ubiquitination of AAV capsids followed by proteasome-mediated
degradation. We reasoned that mutations of the surface-exposed
tyrosine residues might allow the vectors to evade phosphoryla-
tion and subsequent ubiquitination and, thus, prevent protea-
some-mediated degradation. Here, we document that site-directed
mutagenesis of surface-exposed tyrosine residues leads to produc-
tion of vectors that transduce HeLa cells �10-fold more efficiently
in vitro and murine hepatocytes nearly 30-fold more efficiently in
vivo at a log lower vector dose. Therapeutic levels of human Factor
IX (F.IX) are also produced at an �10-fold reduced vector dose. The
increased transduction efficiency of tyrosine-mutant vectors is due
to lack of capsid ubiquitination and improved intracellular traf-
ficking to the nucleus. These studies have led to the development
of AAV vectors that are capable of high-efficiency transduction at
lower doses, which has important implications in their use in
human gene therapy.

AAV vectors � capsid mutations � gene expression � gene therapy �
gene transfer

The adeno-associated virus 2 (AAV2) is a nonpathogenic
human parvovirus, which has gained attention as an alter-

native to the more commonly used retrovirus- and adenovirus-
based vectors for gene transfer and gene therapy (1, 2). Recom-
binant AAV2 vectors have been shown to transduce a wide
variety of cells and tissues in vitro and in vivo (2–5) and are
currently in use in Phase I/II clinical trials for gene therapy of a
number of diseases, such as cystic fibrosis, �-1 anti-trypsin
deficiency, Parkinson’s disease, Batten’s disease, and muscular
dystrophy (6–9). Systematic studies have been undertaken to
elucidate some of the fundamental steps in the life cycle of
AAV2 vectors, which include viral binding and entry (10–13),
intracellular trafficking (14–18), uncoating (19, 20), second-
strand DNA synthesis and transgene expression (21–27), and
viral genome integration into the host cell chromosome (28–30).

The ubiquitin–proteasome pathway has been shown to play an
essential role in AAV2 intracellular trafficking (17, 31, 32). In
our more recent studies (33), we observed that perturbations in
EGFR-PTK signaling affects AAV2 transduction efficiency by

not only augmenting viral second-strand DNA synthesis but also
by facilitating intracellular trafficking from the cytoplasm to the
nucleus. We also reported that intact AAV2 capsids can be
phosphorylated at tyrosine residues by EGFR-PTK, but not at
serine/threonine residues by casein kinase II (CKII) under
cell-free conditions in vitro, and that tyrosine-phosphorylation of
AAV2 capsids negatively affects viral intracellular trafficking
and transgene expression in intact cells in vivo (34). Based on
these studies, we hypothesized that EGFR-PTK-mediated phos-
phorylation of capsid proteins at tyrosine residues is a prereq-
uisite for ubiquitination of intact AAV2 particles and that a
substantial number of ubiquitinated virions are recognized and
degraded by cytoplasmic proteasomes on their way to the
nucleus, leading to inefficient nuclear transport. We reasoned,
therefore, that substitution of surface exposed tyrosine residues
on AAV2 capsids might allow the vectors to escape ubiquitina-
tion and, thus, proteasome-mediated degradation.

We document here that mutations of surface-exposed tyrosine
residues on AAV2 capsids circumvents the ubiquitination step,
thereby avoiding proteasome-mediated degradation and result-
ing in high-efficiency transduction by these vectors in human
cells in vitro and murine hepatocytes in vivo, leading to the
production of therapeutic levels of human coagulation factor at
reduced vector doses. We also observed increased transduction
efficiency of tyrosine-mutant vectors due to lack of ubiquitina-
tion and improved intracellular trafficking to the nucleus. In
addition to yielding insights into the role of tyrosine-
phosphorylation of AAV2 capsid in various steps in the life cycle
of AAV2, these studies have resulted in the development of
AAV2 vectors that are capable of high-efficiency transduction at
lower doses.

Results
Mutations in Surface-Exposed Tyrosine Residues Significantly Improve
the Transduction Efficiency of AAV2 Vectors in HeLa Cells in Vitro. To
test our hypothesis that tyrosine-phosphorylation of AAV2
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capsids leads to increased ubiquitination and results in impaired
intracellular trafficking and is therefore unfavorable to viral
transduction, we modified surface-exposed tyrosine residues on
AAV2 capsids. Inspection of the capsid surface of the AAV2
structure (Fig. 1A), revealed a total of 7 surface-exposed tyrosine
residues (Y252, Y272, Y444, Y500, Y700, Y704, and Y730). We
performed site-directed mutagenesis of each of the 7 tyrosine
residues, which were conservatively substituted with phenylalanine
residues (tyrosine-phenylalanine, Y-F) [supporting information
(SI) Table S1]. scAAV2-EGFP genomes encapsidated in each of
the tyrosine-mutant capsids were successfully packaged (Table S2),
and mutations of the surface-exposed tyrosine residues did not lead
to reduced vector stability (data not shown).

The transduction efficiency of each of the tyrosine-mutant
vectors was analyzed and compared with the WT scAAV2-
EGFP vector in HeLa cells in vitro under identical conditions.
From the results shown in Fig. 1B, it is evident that, although
mock-infected cells showed no green fluorescence, the trans-
duction efficiency of each of the tyrosine-mutant vectors was
significantly higher compared with the WT scAAV2-EGFP
vector at 2,000 viral particles per cell. Specifically, the transduc-
tion efficiency of Y444F, Y500F, and Y730F vectors was �8–
11-fold higher than the WT vector (Fig. 1C).

Mutations in Surface-Exposed Tyrosine Residues Dramatically Im-
prove the Transduction Efficiency of AAV2 Vectors in Murine Hepa-
tocytes in Vivo. The efficacy of WT and tyrosine-mutant scAAV2-
EGFP vectors was also evaluated in a mouse model in vivo. As
can be seen in Fig. 2A, the transduction efficiency of tyrosine-
mutant vectors was significantly higher and ranged from 4- to
29-fold compared with the WT vector (Fig. 2B). When other
tissues, such as heart, lung, kidney, spleen, pancreas, GI tract
(jejunum and colon), testis, skeletal muscle, and brain were
harvested from mice injected with 1 � 1010 particles of the
tyrosine-mutant vectors and analyzed, no evidence of EGFP
gene expression was seen (data not shown). Thus, mutations in
the surface-exposed tyrosine residues did not appear to alter the
liver-tropism after tail vein injection of these vectors in vivo.

Increased Transduction Efficiency of Tyrosine-Mutant Vectors Is Due
to Lack of Ubiquitination and Improved Intracellular Trafficking to the

Nucleus. To further confirm our hypothesis that EGFR-PTK-
mediated phosphorylation of capsid proteins at tyrosine residues is
a prerequisite for ubiquitination of AAV2 capsids and that ubiqui-
tinated virions are recognized and degraded by cytoplasmic pro-
teasome on their way to the nucleus, leading to inefficient nuclear
transport, a series of experiments were performed as follows.

In the first set of experiments, HeLa C12 cells, carrying
adenovirus-inducible AAV2 rep and cap genes, were mock-
infected or infected with WT, Y444F, or Y730F scAAV2-EGFP
vectors. As shown in Fig. 3 A and B, whereas mock-infected cells
showed no green fluorescence, and �15% of cells were trans-
duced with the WT scAAV2-EGFP vectors in the absence of
coinfection with adenovirus, the transduction efficiency of
Y444F and Y730F scAAV2-EGFP vectors was increased by �9
and �18-fold, respectively, compared with the WT vector.
Interestingly, although coinfection with adenovirus led to �11-
fold increase in the transduction efficiency of the WT scAAV2-
EGFP vectors (Fig. 3B), the transduction efficiency of Y444F
and Y730F scAAV2-EGFP vectors was not further enhanced by
coinfection with adenovirus. Because adenovirus can improve
AAV2 vector nuclear transport in HeLa cells (35), these data
suggest that the surface-exposed tyrosine residues play a role in
intracellular trafficking of AAV2 and that their removal leads to
efficient nuclear transport of AAV2 vectors.

In the second set of experiments, HeLa cells, either mock-treated
or treated with Tyr-23, a specific inhibitor of EGFR-PTK (36, 37),
or MG132, a proteasome inhibitor (38), both known to increase the
transduction efficiency of AAV vectors, were mock-infected or
infected with the WT or Y730F scAAV2-EGFP vectors. These data
are shown in Fig. 3C. Although mock-infected cells showed no
green fluorescence, and �5% of cells were transduced with the WT
scAAV2-EGFP vectors in mock-treated cells, pretreatment with
Tyr-23 or MG132 led to an �9-fold and �6-fold increase in the
transduction efficiency, respectively (Fig. 3D). Although the trans-
duction efficiency of Y730F scAAV2-EGFP vectors was increased
by �14-fold compared with the WT vectors, it was not further
enhanced by pretreatment with either Tyr-23 or MG132 (Fig. 3D).
These data strongly suggest that the absence of surface-exposed
tyrosine residues, which prevented phosphorylation of the mutant
vectors, likely prevented ubiquitination of the capsid proteins, and
these vectors on their way to the nucleus could not be recognized

Fig. 1. Site-directed mutational analyses of surface-exposed tyrosine residues on AAV2 capsid proteins and generation of recombinant scAAV2-EGFP vectors.
(A) A surface representation of AAV2 VP3 shown in different colors for icosahedral symmetry related monomers (salmon, reference; green, twofold; bluish
purple, threefold; and wheat, fivefold). The position of the seven surface-exposed tyrosine residues on the AAV2 capsid surface, Y252, Y272, Y444, Y500, Y700,
Y704, and Y730, are indicated by the arrows and colored blue, cyan, red, green, pink, orange, and yellow, respectively, on all of the VP3 monomers. The
icosahedral twofold axis is shown with the filled oval, the threefold axis is shown in the red triangle, and the fivefold axis is shown in the filled pentagon. A viral
asymmetric unit is shown in the open triangle. Site-directed mutations of these seven tyrosine residues to phenylalanine residues (tyrosine-phenylalanine, Y-F)
were performed and tyrosine-mutant capsid scAAV2-EGFP vectors were generated. (B) AAV2-mediated transgene expression in HeLa cells after transduction with
tyrosine-mutant capsid scAAV2-EGFP vectors. (Magnification, �100.) (C) Quantitation of the transduction efficiency in HeLa cells. *, P � 0.01 vs. WT scAAV2-EGFP.
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and degraded by the proteasome, which led to their efficient nuclear
translocation.

In the third set of experiments, HeLa cells, either mock-
treated or treated with MG132, were mock-infected or infected
with the WT, Y730F, or Y444F scAAV2-EGFP vectors. Whole
cell lysates (WCLs) were prepared 4 h after infection, and
equivalent amounts of proteins were immunoprecipitated first
with anti-AAV2 capsid antibody (A20) followed by Western blot
analyses with anti-Ub monoclonal antibody. These results are
shown in Fig. 4. Although ubiquitinated AAV2 capsid proteins
(Ub-AAV2 Cap) were undetectable in mock-infected cells
(lanes 1 and 2), the signal of ubiquitinated AAV2 capsid proteins
was weaker in untreated cells (lanes 3 and 5), and a significant
accumulation of ubiquitinated AAV2 capsid proteins occurred
after treatment with MG132 (lane 4). Interestingly, infections
with Y730F or Y444F vectors dramatically decreased the extent
of accumulation of MG132-induced ubiquitinated AAV2 capsid
proteins (lanes 6 and 8). These results substantiate that mutation
in tyrosine residues circumvents proteasome-mediated degrada-
tion of the vectors.

In the fourth set of experiments, we examined the fate of the
input WT, Y444F, and Y730F vector viral DNA in HeLa cells.

Southern blot analysis of low-Mr DNA samples isolated from
cytoplasmic (C) and nuclear (N) fractions (Fig. 5A) and densito-
metric scanning of autoradiographs (Fig. 5B) revealed that �36%
of the input scAAV2 DNA was present in the nuclear fraction in
cells infected with the WT vector (Fig. 5 A, lane 4, and B), consistent
with our studies in ref. 33. Interestingly, however, the amount of
input Y730F and Y444F scAAV2 vector DNA in the nuclear
fraction was increased to �72% and �70%, respectively (Fig. 5B).
These results further document that mutations in the surface-
exposed tyrosine residues prevent ubiquitination of AAV2 capsids,
resulting in a decrease of proteasome-mediated degradation and, in
turn, facilitate nuclear transport of AAV2 vectors.

Tyrosine-Mutant Vectors Express Therapeutic Levels of Human Factor
IX Protein at �10-Fold Reduced Vector Dose in Mice. Finally, it was
important to examine whether tyrosine-mutant AAV2 vectors were
capable of delivering a therapeutic gene efficiently at a reduced
vector dose in vivo. To this end, a single-stranded, hepatocyte-
specific human Factor IX (hF.IX) expression cassette was encap-
sidated in the Y730F vector, and the efficacy of this vector was
tested in three different strains of mice (BALB/c, C3H/HeJ, and
C57BL/6). Consistently, in all three strains, Y730F vector achieved
�10-fold higher circulating hF.IX levels compared with the WT
vector after tail vein or portal vein administration, with the latter
being the more effective route. These results, shown in Fig. 6, clearly
indicate that the Y730F vectors express therapeutic levels of human
F.IX protein (�50 ng/ml) at �10-fold reduced vector dose (1 � 1010

particles per mouse) in C57BL/6 mice by port vein injection. It
should be noted that hepatic viral gene transfer in C57BL/6 mice is
generally more efficient than in the other two strains.

Discussion
More than a decade ago, we documented that specific inhibitors of
cellular protein tyrosine kinases in general and EGFR-PTK in
particular, but not inhibitors of cellular serine/threonine kinases,
dramatically increase the transduction efficiency of ssAAV vectors
(36, 37). Based on our more recent studies (33), we hypothesized
that during the process of navigation through the late endosome,
AAV2 capsids become phosphorylated at tyrosine residues by
EGFR-PTK, which provides a putative signal for the cellular
machinery to ubiquitinate the viral capsid proteins, which are
subsequently targeted for degradation by the proteasome in the
cytoplasm. Our hypothesis has been borne out by the data from our
recent studies in that intact AAV2 capsids can indeed be phos-
phorylated at tyrosine residues by EGFR-PTK, but not at serine/
threonine residues by CKII (34). The currently available trafficking
data suggest that the acidic environment in the endosome might
lead to changes in viral conformation that facilitate escape, raising
the possibility that a different set of tyrosine residues than those
described here may become surface exposed. However, this is not
supported by our structural studies (H.-J. Nam, E.B. Miller, and
M.A.-M., unpublished data).

Our data are consistent with the interpretation that EGFR-
PTK-induced tyrosine phosphorylation of AAV2 capsid pro-
teins promotes ubiquitination and degradation of AAV2, thus
leading to impairment of viral nuclear transport and decrease in
transduction efficiency. Mutational analyses of each of the seven
surface-exposed tyrosine residues yield AAV2 vectors with
significantly increased transduction efficiency in vitro and in vivo.
Specifically, Y444F and Y730F mutant vectors bypass the ubiq-
uitination step, which results in a significantly improved intra-
cellular trafficking and delivery of the viral genome to the
nucleus. Ubiquitination could be important in directing the viral
particle to the nucleus through binding to ubiquitin-dependent
nuclear receptors and/or in priming the vector uncoating. In
addition, it is also possible that the proteasome effect may be cell
type-specific (31, 39, 40).

Fig. 2. AAV2-mediated transduction of hepatocytes from normal C57BL/6
mice injected via tail vein with tyrosine-mutant capsid scAAV2-EGFP vectors.
(A) Transgene expression was detected by fluorescence microscopy 2 weeks
after injection of 1 � 1010 viral particles per animal via the tail vein (n � 2 per
experimental group). (Magnification, �50.) (B) Quantitation of the transduc-
tion efficiency in hepatocytes in C57BL/6 mice. *, P � 0.01 vs. WT scAAV2-EGFP.
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Beyond providing mechanistic details of the key steps in the
life cycle of AAV2, our studies have yielded an additional
repertoire of AAV2-based vectors. Despite long-term therapeu-
tic expression achieved in preclinical animal models by AAV2
vectors composed of the WT capsid proteins (41), in a recent
gene therapy trial, two patients with severe hemophilia B
developed vector dose-dependent transaminitis that limited
duration of hepatocyte-derived hF.IX expression to �8 weeks
(42). Subsequent analyses demonstrated presence of memory
CD8� T cells to AAV capsids in humans and an MHC I-re-
stricted, capsid-specific cytotoxic T lymphocyte response in one
of the hemophilia B patients, which mirrored the time course of
the transaminitis. It was concluded that this CD8� T cell
response to input capsid eliminated AAV2-transduced hepato-

cytes (43). Our data show that a lower capsid antigen dose is
sufficient for efficient gene transfer with the Y730F vector. It
should be noted that the AAV2-F.IX vector used here contained
a ssAAV genome, and we suspect that, with the use of scAAV2-
F.IX Y730F mutant vector, we might be able to reduce the
required vector dose further to achieve therapeutic levels of
F.IX. Moreover, our data show much-reduced ubiquitination of
AAV-Y730F compared with WT capsid, a prerequisite for MHC
I presentation. Thus, the T cell response to AAV2 capsid, a
serious hurdle for therapeutic gene transfer in the liver, might be
avoidable by using the surface-exposed tyrosine-mutant AAV2
vectors. Therefore, we can likely achieve reduced MHC I
presentation of capsid in target cells by two mechanisms, which
should be additive in their effect.

In collaborations with our colleagues, we have also observed
dramatically increased transduction efficiency of tyrosine-

Fig. 3. Comparative analyses of AAV2-mediated transduction efficiency in HeLa C12 cells with or without coinfection with adenovirus and treatment with
proteasome- or EGFR-PTK-inhibitors after transduction with tyrosine-mutant capsid scAAV2-EGFP vectors. (A) Cells were mock-infected or infected with
adenovirus after transduction with the WT, Y444F, or Y730F scAAV2-EGFP vectors. (Magnification, 100�.) (B) Quantitation of the transduction efficiency in HeLa
C12 cells. (C) Cells were mock-treated or treated with Tyr-23 or MG132, after transduction with the WT or Y730F scAAV2-EGFP vectors. (Magnification, �100.)
(D) Quantitation of the transduction efficiency. *, P � 0.05 vs. control.

Fig. 4. Western blot analyses of ubiquitinated AAV2 capsid proteins in HeLa
cells after transduction with tyrosine-mutant scAAV2-EGFP vectors. WCLs
prepared from cells (untreated or treated with MG132) after mock-infection
(lanes 1 and 2), or infected with the WT (lanes 3 and 4), Y730F (lanes 5 and 6),
or Y444F (lanes 7 and 8) scAAV2-EGFP vectors were immunoprecipitated with
anti-AAV2 capsid antibody A20 followed by Western blot analyses with
anti-Ub monoclonal antibody P4D1.

Fig. 5. Southern blot analyses of intracellular trafficking of the WT and
tyrosine-mutant scAAV2-EGFP vectors and cytoplasmic (C) and nuclear (N) distri-
bution of AAV2 genomes. HeLa cells were mock-infected (lanes 1 and 2) or
infected with the WT (lanes 3 and 4), Y730F (lanes 5 and 6), or Y444F (lanes 7 and
8) scAAV2-EGFPvectors. (A)Nuclearandcytoplasmic fractionswereobtained18h
after infection. Low-Mr DNA samples were isolated and electrophoresed on 1%
agarose gels followed by Southern blot hybridization, using a 32P-labeled EGFP
DNA probe. (B) Quantitation of relative amounts of viral genomes. These results
are representative of two independent experiments.
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mutant vectors in primary human neuronal and hematopoietic
stem cells in vitro and in various tissues and organs in mice in vivo
(unpublished data). We have also generated double, triple, and
quadruple tyrosine-mutants to examine whether such multiple
mutants are viable and whether the transduction efficiency of
these vectors can be augmented further. It is noteworthy that
with a few exceptions (Y444 positioned equivalent to a glycine
in AAV4 and arginine in AAV5, Y700 positioned equivalent to
phenylalanine in AAV4 and AAV5, and Y704 positioned equiv-
alent to a phenylalanine in AAV7), these tyrosine residues are
highly conserved in AAV serotypes 1–10, and we have also
begun to generate Y-F mutants of each of these serotypes for
future analyses. The availability of a vast repertoire of tyrosine-
mutant AAV serotype vectors should allow us to gain a better
understanding of the role of tyrosine-phosphorylation of AAV
capsids in various steps in the virus life cycle, which is likely to
have important implications in the optimal use of recombinant
tyrosine-mutant AAV serotype vectors in human gene therapy.

Materials and Methods
Recombinant AAV2 Vectors. Highly purified stocks of scAAV2 vectors contain-
ing the enhanced green fluorescence protein (EGFP) gene driven by the
chicken �-actin promoter (scAAV2-EGFP), and ssAAV2 vectors containing the
human factor IX (hF.IX) gene under the control of the apolipoprotein enhanc-
er/human �-1 antitrypsin (ApoE/hAAT) promoter (ssAAV2-hF.IX) were gener-
ated as described in ref. 44.

Localization of Surface-Tyrosines on the AAV2 Capsid Surface. The crystal
structure of AAV2 (45) (PDB entry 1LP3) was used to localize the tyrosine
residues on the AAV2 capsid surface. The icosahedral two-, three- and fivefold
related VP3 monomers were generated by applying icosahedral symmetry
operators to a reference monomer, using the program O (46) on a Silicon
graphics Octane workstation. The position of the tyrosine residues were then
visualized and analyzed in the context of a viral asymmetric unit, using the
program COOT (47), and graphically presented by using the program PyMOL
molecular graphics system (DeLano Scientific).

Construction of Surface-Exposed Tyrosine Residue Mutant AAV2 Capsid Plas-
mids. A two-stage procedure, based on QuikChange II site-directed mutagen-
esis (Stratagene) was performed by using plasmid pACG-2 as described in ref.

48. Briefly, in stage one, two PCR extension reactions were performed in
separate tubes for each mutant. One tube contained the forward PCR primer
and the other contained the reverse primer (Table S1). In stage two, the two
reactions were mixed and a standard PCR mutagenesis assay was carried out
as per the manufacturer’s instructions. PCR primers were designed to intro-
duce changes from tyrosine to phenylalanine residues and a silent change to
create a new restriction endonuclease site for screening purposes (Table S1).
All mutants were screened with the appropriate restriction enzyme and were
sequenced before use.

Preparation of WCLs and Coimmunoprecipitations. WCLs were prepared as
described in refs. 18, 24, and 49. Approximately 2 � 106 HeLa cells, mock-treated
or treated with MG132, were also subjected to mock-infection or infection with
the WT scAAV2-EGFP, Y730F, or Y444F mutant vectors at 5 � 103 particles per cell
for 2 h at 37°C. For immunoprecipitations, cells were treated with 0.01% trypsin
and washed extensively with PBS. WCLs were cleared of nonspecific binding by
incubation with 0.25 mg of normal mouse IgG together with 20 �l of protein
G-agarose beads. After preclearing, 2 �g of capsid antibody against intact AAV2
particles (mouse monoclonal IgG3, clone A20; Research Diagnostics), or 2 �g of
normal mouse IgG (as a negative control) were added and incubated at 4°C for
1 h, followed by precipitation with protein G-agarose beads. Western blot
analyses were performed as described in refs. 18, 24, and 49. For immunoprecipi-
tations, resuspended pellet solutions were used for SDS/PAGE. Membranes were
treated with monoclonal HRP-conjugated anti-Ub antibody (1:2,000 dilution)
specific for ubiquitin (Ub) (mouse monoclonal IgG1 [IgG1], clone P4D1; Santa Cruz
Biotechnology). Immuno-reactive bands were visualized by using chemilumines-
cence (ECL-Plus; Amersham Pharmacia Biotech).

Isolation of Nuclear and Cytoplasmic Fractions from HeLa Cells. Nuclear and
cytoplasmic fractionsfromHeLacellswere isolatedasdescribed inrefs.14,20,and
33. Mock-infected or recombinant WT scAAV2-EGFP, Y730F, or V444F vector-
infected cells were used to isolate the cytoplasmic and nuclear fractions. The
purity of each fraction was determined to be �95%, as described in ref. 14.

Southern Blot Analysis for AAV2 Trafficking. Low-Mr DNA samples from nuclear
and cytoplasmic fractions were isolated and electrophoresed on 1% agarose
gels or 1% alkaline-agarose gels followed by Southern blot hybridization,
using a 32P-labeled EGFP-specific DNA probe as described in refs. 14, 20, and 33.

Recombinant AAV2 Vector Transduction Assays in Vitro. Approximately 1 � 105

HeLa cells were used for transductions with recombinant AAV2 vectors as
described in ref. 33. The transduction efficiency was measured 48 h after

Fig. 6. Comparative analyses of the WT or Y730F ssAAV2-ApoE/hAAT-hF.IX vector-mediated transduction efficiency in hepatocytes in mice in vivo. Human F.IX
(hF.IX) expression in plasma was determined as a function of time after injection of 1 � 1011 viral particles/animal in BALB/c (A), and C3H/HeJ (B) mice via tail
vein (tv), and 1 � 1010 viral particles/animal in C57BL/6 mice via tail vein (tv) (C), or portal vein (pv) (D). Fold increase of hF.IX peak levels of Y730F vectors compared
with the WT capsid vectors is indicated for each panel. Data are mean � SD (n � 4 per experimental group).
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transduction by EGFP imaging, using fluorescence microscopy. Images from
three to five visual fields were analyzed quantitatively by ImageJ analysis
software (National Institutes of Health, Bethesda, MD). Transgene expression
was assessed as total area of green fluorescence (pixels squared) per visual
field (mean � SD). ANOVA was used to compare between test results and the
control and they were determined to be statistically significant.

Recombinant AAV2 Vector Transduction Studies in Vivo. scAAV2-EGFP vectors
were injected intravenously via the tail vein into C57BL/6 mice at 1 � 1010 virus
particles per animal. Liver sections from three hepatic lobes of the mock-
injected and injected mice 2 weeks after injection were mounted on slides. The
transduction efficiency was measured by EGFP imaging as described above.
ssAAV2-hF.IX vectors were injected intravenously (via the tail vein) or into the
portal vein of C57BL/6, BALB/c, and C3H/HeJ mice at 1 � 1010 or 1 � 1011 virus

particles per animal. Plasma samples were obtained by retro-orbital bleed and
analyzed for hF.IX expression by ELISA as described in ref. 50.
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